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nfectious corneal ulcer is characterized in part by infiltration into the corneal stroma of various immune cells, including neutrophils, macrophages, and lymphocytes. 1 It is also associated with the production by resident corneal fibroblasts of proinflammatory cytokines, such as interleukin (IL)-6, IL-1, and tumor necrosis factor (TNF)-␣, and chemokines, including IL-8, granulocyte colony-stimulating factor (G-CSF), granulocytemacrophage colony-stimulating factor (GM-CSF), monocyte chemotactic protein (MCP)-1, and macrophage inflammatory protein (MIP)-1␤. [2] [3] [4] [5] Together these factors induce the chemotaxis and activation of various leukocytes. We have shown that interactions between resident corneal cells, in particular corneal fibroblasts, and infiltrating immune cells play an important role in the pathogenesis of ocular inflammation. 6 Expression by corneal fibroblasts of intercellular adhesion molecule (ICAM)-1, a cell surface glycoprotein that binds leukocyte function-associated antigen 1 present on the surfaces of all leukocytes, thereby enhancing immune responses, also contributes to inflammatory corneal diseases. 7 Lipopolysaccharide (LPS) is a component of the cell membrane of Gram-negative bacteria and is thought to contribute to bacterial keratitis. We recently showed that corneal fibroblasts are able to detect the presence of LPS and to upregulate their expression of IL-8, MCP-1, and ICAM-1 in response. This response is facilitated by serum proteins such as soluble CD14 and LPS-binding protein and is mediated in part by the transcription factor nuclear factor-B (NF-B). 8, 9 Injection of LPS into the corneal stroma induces an acute inflammatory reaction characterized by infiltration of neutrophils and other immune cells and subsequent corneal ulceration. 10 Extracts of the Chinese herb Tripterygium wilfordii hook f, the major constituent of which is the diterpene triepoxide triptolide, have been used in traditional Chinese medicine for the treatment of rheumatoid arthritis. 11 Triptolide exhibits anti-inflammatory activity not only with immune cells such as T cells, B cells, and monocytes 12, 13 but also with tissue resident cells such as epithelial cells 14 and fibroblasts. 15 We recently showed that triptolide inhibits collagen degradation 16 and the expression of IL-8 and MCP-1 17 by corneal fibroblasts stimulated with IL-1. We have now evaluated the effects of triptolide on the production of proinflammatory cytokines (IL-1␤, TNF-␣, IL-6) and chemokines (G-CSF, GM-CSF, MCP-1, MIP-1␤, IL-8) and on the surface expression of ICAM-1 in corneal fibroblasts stimulated with LPS. The effects of triptolide were compared with those of dexamethasone.
MATERIALS AND METHODS
Eagle minimum essential medium (MEM), fetal bovine serum (FBS), and trypsin-EDTA were obtained (Invitrogen-Gibco, Carlsbad, CA), as were 24-and 96-well culture plates (Corning-Costar, Corning, NY), collagenase, dispase, dexamethasone, and LPS derived from Pseudomonas aeruginosa (Sigma-Aldrich, St. Louis, MO), triptolide (Alexis Biochemicals, Carlsbad, CA), mouse monoclonal antibody to ICAM-1 (BD PharMingen, San Diego, CA), horseradish peroxidase-conjugated goat an- 
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Copyright © Association for Research in Vision and Ophthalmology tibodies to mouse immunoglobulin G (Chemicon, Temecula, CA), an enzyme-linked immunosorbent assay (ELISA) kit for IL-8 (R&D Systems, Minneapolis, MN), a protein multiarray system and human cytokine assay (Bio-Plex; Bio-Rad, Hercules, CA), and a particle counter (Beckman Coulter, Fullerton, CA). All media and reagents used for cell culture were endotoxin minimized.
Isolation and Culture of Human Corneal Fibroblasts
Human corneas were obtained for corneal transplantation surgery (NorthWest Lions Eye Bank, Seattle, WA). Human tissue was used in strict accordance with the tenets of the Declaration of Helsinki. Corneal fibroblasts were prepared and cultured as described previously. 18 In brief, the endothelial layer of the rim of the cornea remaining after transplantation surgery was removed mechanically, and the tissue was then incubated with dispase (2 mg/mL in MEM) for 1 hour. After mechanical removal of the epithelial sheet, the tissue was treated with collagenase (2 mg/mL in MEM) until a single-cell suspension of corneal fibroblasts was obtained. Cells were cultured in MEM supplemented with 10% FBS and were used for experiments after four to seven passages under subconfluent (actively proliferating) conditions. Purity of the corneal fibroblast cultures was judged on the basis of cell morphology and reactivities with antibodies to vimentin and to cytokeratin, as previously described 18 ; all the cells were positive for vimentin and negative for cytokeratin, suggesting that the cultures were not contaminated by epithelial cells. No changes in cell morphology or immunoreactivity were apparent after culture for up to seven passages.
Assay for IL-1␤, TNF-␣, IL-6, G-CSF, GM-CSF, MCP-1, MIP-1␤, and IL-8
Corneal fibroblasts were cultured in 24-well plates until they achieved confluence, after which the culture medium was replaced with serumfree MEM for 1 day. Cells were then incubated first for 1 hour with various concentrations of triptolide (1-30 nM) or dexamethasone (0.1-100 nM) and then for an additional 24 hours in the same medium supplemented with LPS (100 ng/mL) and 0.5% human serum (AB type). The medium was then collected and centrifuged at 120g for 5 minutes, and the resultant supernatant was frozen at -80°C for subsequent assay of proinflammatory cytokines and chemokines. Cells were detached from the culture plate by exposure to trypsin-EDTA, and their number was determined with a particle counter. The morphology and number of cells were not affected by incubation with LPS, triptolide, or dexamethasone for 24 hours (data not shown). Simultaneous quantification of IL-1␤, TNF-␣, IL-6, G-CSF, GM-CSF, MCP-1, and MIP-1␤ in culture supernatants was performed with a human cytokine assay system (Bio-Plex; Bio-Rad). IL-8 concentration was determined with an ELISA kit, as described previously. 
Whole-Cell ELISA for ICAM-1
Whole-cell ELISA for ICAM-1 was performed as described previously. 19 In brief, corneal fibroblasts (1 ϫ 10 3 cells per well) were grown for 3 days in 96-well plates in MEM supplemented with 10% FBS, after which the culture medium was changed to serum-free MEM for 1 day. Cells were subsequently incubated first for 1 hour with various concentrations of triptolide (1-30 nM) or dexamethasone (0.1-100 nM) and then for an additional 24 hours in the same medium supplemented with LPS (100 ng/mL) and 0.5% human serum (AB type). The medium was then aspirated, and the cells were washed twice with phosphate-buffered saline (PBS), fixed for 15 minutes at room temperature with PBS containing 1% paraformaldehyde, washed with PBS, and incubated for 1 hour at 37°C with a monoclonal antibody to ICAM-1 (1:10,000 dilution) in PBS containing 1% bovine serum albumin (BSA). After three washes with PBS containing 0.1% BSA, the cells were incubated for 1 hour at room temperature with horseradish peroxidase-conjugated goat antibodies to mouse immunoglobulin G, washed three more times with PBS containing 0.1% BSA, and incubated for 20 minutes in the dark with 100 L tetramethylbenzidine solution. The reaction was stopped by the addition of 50 L of 1 M H 2 SO 4 , and the absorbance of each well was measured at 450 nm with a microplate reader. ICAM-1 expression was calculated as a percentage of the control value.
Statistical Analysis
Data were presented as mean Ϯ SEM and were analyzed by Dunnett multiple comparison test or Student's unpaired t test. P Ͻ 0.05 was considered statistically significant.
RESULTS

Effects of LPS on IL-1␤, TNF-␣, IL-6, G-CSF, GM-CSF, MCP-1, MIP-1␤, and IL-8 Expression in Corneal Fibroblasts
We recently showed that LPS increases the expression of IL-8 and MCP-1 in cultured human corneal fibroblasts. 8, 9 In the present study, we first examined the effects of LPS on the release of IL-1␤, TNF-␣, IL-6, G-CSF, GM-CSF, MCP-1, MIP-1␤, and IL-8 from these cells. IL-1␤, TNF-␣, and GM-CSF were not detected in the culture supernatants of cells incubated in the absence or presence of LPS (100 ng/mL) for 24 hours (Table 1) . G-CSF was also not detected in the culture supernatant of cells incubated in the absence of LPS, but it was present in that of cells exposed to LPS. Incubation of corneal fibroblasts with LPS also resulted in significant increases in the release of IL-6, MCP-1, MIP-1␤, and IL-8.
Effects of Triptolide and Dexamethasone on IL-6, G-CSF, MCP-1, MIP-1␤, and IL-8 Expression in Corneal Fibroblasts
We next investigated the effects of triptolide and dexamethasone on the expression of IL-6, G-CSF, MCP-1, MIP-1␤, and IL-8 in corneal fibroblasts (Table 2) . Cells were incubated with various concentrations of triptolide (1-30 nM) or dexamethasone (0.1-100 nM) for 1 hour before incubation for 24 hours in the additional absence or presence of LPS (100 ng/mL). Triptolide exhibited no effect on the basal expression of IL-6 but inhibited LPS-induced IL-6 release in a concentration-dependent manner; this latter effect was statistically significant at a concentration of 3 nM and maximal (55% inhibition) at 30 nM. Dexamethasone had a small inhibitory effect on basal IL-6 release at concentrations of 10 and 100 nM, and it inhibited LPS-induced IL-6 expression in a concentration-dependent manner; this latter effect was significant at a concentration of 1 nM and maximal (83% inhibition) at 100 nM. 
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Triptolide inhibited LPS-induced G-CSF release in a concentration-dependent manner; this effect was significant at a concentration of 1 nM and maximal (95% inhibition) at 30 nM. Dexamethasone similarly inhibited the stimulatory effect of LPS on G-CSF expression; this effect was significant at a concentration of 1 nM and maximal (72% inhibition) at 100 nM.
Triptolide induced a small inhibitory effect on basal MCP-1 release at a concentration of 30 nM and inhibited LPS-induced MCP-1 release in a concentration-dependent manner; this latter effect was significant at a concentration of 3 nM and maximal (36% inhibition) at 30 nM. Dexamethasone also inhibited basal and LPS-induced MCP-1 release in a concentration-dependent manner; the latter effect was significant at a concentration of 10 nM and maximal (36% inhibition) at 100 nM.
Triptolide had little or no effect on basal or LPS-induced MIP-1␤ release at any of the concentrations examined. In contrast, whereas dexamethasone did not significantly affect the basal expression of this chemokine, it inhibited LPS-induced MIP-1␤ release in a concentration-dependent manner; this effect was significant at a concentration of 0.1 nM and maximal (38% inhibition) at 100 nM.
Triptolide induced a small inhibitory effect on basal IL-8 release at concentrations of 10 and 30 nM, and it inhibited LPS-induced IL-8 release in a concentration-dependent manner; this latter effect was significant at a concentration of 1 nM and maximal (46% inhibition) at 30 nM. Dexamethasone exhibited effects similar to those of triptolide on basal and LPS-induced IL-8 release; the latter effect was significant at a concentration of 0.1 nM and maximal (50% inhibition) at 100 nM.
Inhibition by Triptolide and Dexamethasone of ICAM-1 Expression in Corneal Fibroblasts
We recently showed that LPS increases the expression of ICAM-1 in cultured human corneal fibroblasts. 8, 9 Therefore, we next investigated the effects of triptolide and dexamethasone on the surface expression of ICAM-1 in corneal fibroblasts incubated in the absence or presence of LPS. Cells were incubated with various concentrations of triptolide or dexamethasone for 1 hour before incubation for 24 hours in the additional absence or presence of LPS (100 ng/mL). Although triptolide had no effect on basal ICAM-1 expression, it inhibited LPSinduced ICAM-1 expression in a concentration-dependent manner (Fig. 1A) ; at a concentration of 30 nM, triptolide inhibited the effect of LPS by 35%. Dexamethasone also had no effect on basal ICAM-1 expression, and it inhibited (by 27%) the effect of LPS on ICAM-1 expression only at a concentration of 100 nM (Fig. 1B) .
DISCUSSION
We have shown that LPS induced the production of IL-6, G-CSF, MCP-1, MIP-1␤, and IL-8 and the surface expression of ICAM-1 in human corneal fibroblasts. Furthermore, similar to the action of dexamethasone, triptolide inhibited in a concentration-dependent manner the LPS-induced release of IL-6, G-CSF, MCP-1, and IL-8 from these cells. The inhibitory effect of dexamethasone on LPS-induced IL-6 release was greater than that of triptolide, whereas the inhibitory effect of triptolide on LPS-induced G-CSF release was more pronounced than was that of dexamethasone. Dexamethasone also inhibited MIP-1␤ expression induced by LPS, whereas triptolide did not. Triptolide and dexamethasone exhibited similar inhibitory effects on LPS-induced surface expression of ICAM-1. Our results thus suggest that triptolide might prove effective in limiting the infiltration of immune cells into the cornea.
LPS is an important trigger for host inflammatory responses during infection of the cornea with Gram-negative bacteria. 20 Fibroblasts play a substantial role in the regulation of inflammation in the infected cornea. We have now shown that LPS stimulates proinflammatory cytokine, chemokine, and ICAM-1 expression in corneal fibroblasts, consistent with our previous observations. 8, 9 We also recently showed that LPS interacts Cells were incubated first with the indicated concentrations of triptolide (Trip) or dexamethasone (Dex) for 1 hour and then in the additional absence or presence of LPS (100 ng/mL) for 24 hours. The amount of each protein in culture supernatants was then determined. Data are mean Ϯ SEM of triplicates from an experiment repeated three times with similar results. ND, not detected.
* P Ͻ 0.05 (Dunnett test) compared with the corresponding value for cells incubated without triptolide or dexamethasone.
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with human corneal fibroblasts to induce the phosphorylation and degradation of IB␣ in the cytoplasm and the consequent activation of NF-B. 9 The activation of NF-B by LPS may thus contribute to the LPS-induced expression of IL-6, chemokines, and ICAM-1 observed in the present study. These effects of LPS likely promote the infiltration and activation of leukocytes associated with corneal inflammation.
Leukocytes play important roles in the pathogenesis of corneal inflammatory diseases. Migration to and infiltration into the tissue of leukocytes and the subsequent activation of these cells are regulated by chemokines and other cytokines. IL-6 promotes the differentiation of B cells, 21 whereas IL-8 22 and MCP-1 23 are potent and selective chemoattractants for neutrophils and monocytes-macrophages, respectively. We previously showed that keratocytes release IL-8 and MCP-1 and that this release might facilitate the chemotaxis of leukocytes to the corneal stroma. 24 Triptolide inhibits IL-6 expression in human bronchial epithelial cells stimulated with phorbol 12-myristate 13-acetate, TNF-␣, or IL-1␤, 14 LPS-stimulated mouse macrophages, 25 IL-8 expression in human bronchial epithelial cells, 13, 14 TNF-␣-or IL-1␤-stimulated human corneal fibroblasts, 17 and MCP-1 expression in TNF-␣-or IL-1␤-stimulated human corneal fibroblasts. 17 G-CSF induces the proliferation, differentiation, and activation of neutrophilic granulocytes. 26 The more pronounced inhibitory effect of triptolide on LPSinduced G-CSF expression in corneal fibroblasts compared with that of dexamethasone suggests that triptolide might prove more effective than this steroid in inhibiting neutrophilmediated corneal inflammation. MIP-1␤ regulates monocytes and T cells. 27 In the present study, triptolide showed little or no effect on MIP-1␤ expression in corneal fibroblasts, whereas dexamethasone inhibited it. Inhibition of the expression of these various factors in corneal fibroblasts might thus be expected to reduce the extent of leukocyte recruitment to the cornea and that of consequent corneal damage.
ICAM-1 is a 76-to 114-kDa cell surface glycoprotein and a member of the immunoglobulin superfamily of proteins. 28 It contributes to the local infiltration of leukocytes during immune responses by mediating the adhesion and activation of these cells. 29 ICAM-1 is thus selectively expressed in the cornea in areas of inflammation. 30 Furthermore, leukocyte infiltration into tissue is markedly reduced in ICAM-1-deficient mice compared with that in control animals. 31 We have previously shown that exposure of corneal fibroblasts to LPS increases the adherence of neutrophils to these cells, indicating that ICAM-1 expressed by corneal fibroblasts in response to LPS is biologically active. 8 Inhibition of the expression of ICAM-1 in corneal fibroblasts might thus provide a new therapeutic option in the treatment of corneal inflammatory diseases. We have now shown that, although triptolide significantly inhibited the LPSinduced increase in the surface expression of ICAM-1 in human corneal fibroblasts, the extent of this effect was limited.
Triptolide and dexamethasone each exert various effects on immune cells and on tissue resident cells that participate in inflammatory responses. The similarity in the effects of these two compounds is dependent on cell type, however. We have previously shown, for example, that dexamethasone inhibits not only the synthesis but also the activation of matrix metalloproteinases in rabbit corneal fibroblasts, 32 whereas triptolide inhibits only the synthesis of these enzymes. 16 Dexamethasone and triptolide each inhibit IL-8 and MCP-1 expression in cultured human corneal fibroblasts induced by the proinflammatory cytokines IL-1 or TNF-␣. 17 Triptolide has been shown to be effective for the treatment of several autoimmune diseases such as rheumatoid arthritis, 11 lung fibrosis, 33 and uveoretinitis 34 in animal models. Furthermore, it appears to be safe and clinically beneficial in patients with rheumatoid arthritis or psoriasis vulgaris. [35] [36] [37] In the present study, dexamethasone inhibited the LPS-induced release of all the tested proteins from corneal fibroblasts, whereas the inhibitory action of triptolide was more selective. Dexamethasone was more effective at inhibiting LPS-induced IL-6 release than was triptolide, but triptolide was more effective at inhibiting LPS-induced G-CSF release than was dexamethasone. Dexamethasone also inhibited MIP-1␤ expression induced by LPS, but triptolide did not. Whether triptolide is a viable alternative to steroids for the treatment of corneal inflammation and whether it is devoid of adverse effects remain to be clarified.
We recently showed that neutrophils stimulate collagen degradation by corneal fibroblasts 6 and that triptolide inhibits IL-1-induced collagen degradation by these cells. 16 Interactions of inflammatory cells with resident corneal fibroblasts, therefore, likely play an important role in corneal inflammation. The downregulation by triptolide of the production of chemokines and other cytokines and of the surface expression of ICAM-1 by LPS-stimulated corneal fibroblasts suggests that this compound may be of therapeutic benefit in diseases characterized by corneal stromal inflammation. 
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